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Nucleocapsid envelopmentple nucleopolyhedrovirus (AcMNPV) p48 (ac103) is a highly conserved baculovirus
gene of unknown function. In the present study, we generated a knockout of the p48 gene in an AcMNPV
bacmid and investigated the role of P48 in baculovirus life cycle. The p48-null Bacmid vAcP48-KO-PH-GFP was
unable to propagate in cell culture, while a ‘repair’ Bacmid vAcP48-REP-PH-GFP was able to replicate in a manner
similar to a wild-type Bacmid vAcPH-GFP. Titration assays andWestern blotting conﬁrmed that vAcP48-KO-PH-GFP
was unable to produce budded viruses (BVs). qPCR analysis showed that p48 deletion did not affect viral DNA
replication. Electron microscopy indicated that P48 was required for nucleocapsid envelopment to form
occlusion-derived viruses (ODVs) and their subsequent occlusion. Confocal analysis showed that P48
prominently condensed in the centre of the nucleus. Our results demonstrate that P48 plays an essential role
in BV production and ODV envelopment in the AcMNPV life cycle.
© 2008 Elsevier Inc. All rights reserved.IntroductionThe family Baculoviridae encompasses a group of arthropod-
speciﬁc viruses found ubiquitously in the environment and have
been isolated from more than 600 host insect species predominantly
from the Lepidoptera, Hymenoptera and Diptera (Slack and Arif,
2007). Based on their occlusion body morphology baculoviruses are
divided into two genera, Nucleopolyhedrovirus (NPV) and Granulovirus
(GV) (Theilmann et al., 2005). The baculovirus life cycle typically
involves the production of two virion phenotypes, budded virions
(BVs) and occlusion-derived virions (ODVs). Both virions have a
common nucleocapsid structure and carry identical genetic informa-
tion, but are enclosed by a lipid envelope with different composition
(Braunagel and Summers, 1994; Braunagel et al., 2003; Slack and Arif,
2007). In the early stage of infection, viral DNA replication occurs
within a virus-induced speciﬁc nuclear region, called the virogenic
stroma. The newly replicated viral genome is condensed and packaged
into rod-shaped capsids to form nucleocapsids. These nucleocapsids
egress from the nucleus, bud through the plasma membrane and
acquire envelopes to form BVs. Later in infection, nucleocapsids retain
within the peristromal space called the ring zone, bundle together and
are enveloped in intranuclear membrane proﬁles, to form ODVs. The
ODVs are then embedded in a paracrystallinematrix consistingmainly
of virus-encoded polyhedrin protein (Williams and Faulkner, 1997).l rights reserved.The different composition between envelopes of ODVs and BVs
reﬂects their respective roles in insect-to-insect (ODVs) and cell-to-
cell (BVs) transmission of baculovirus infection (Braunagel and
Summers, 1994; Braunagel et al., 2003; Slack and Arif, 2007). ODVs
can initiate primary infection in the midgut epithelium of infected
insects. BVs which are produced in the initial infection circulate in the
hemocoel and/or the tracheal system to other susceptible tissues
(Engelhard et al., 1994; Federici, 1997).
Baculovirus genomes consist of a circular double-stranded DNA
molecule of about 80–180 kbp and encode 90–180 open reading
frames (ORFs). The ﬁrst baculovirus to be completely sequenced was
Autographa californica multiple nucleopolyhedrovirus (AcMNPV) (Ayres
et al., 1994). To date, forty-ﬁve baculovirus genomes have been
sequenced and analyzed. Forty-one of them are pathogenic to
lepidopteran hosts; three infect sawﬂies (Hymenoptera), only one
has a mosquito host (Diptera) (Hiscock and Upton, 2000). There are
only 31 genes common in the sequenced baculovirus genomes
(Hiscock and Upton, 2000). These core genes are generally essential
for viral replication, implying that they play fundamental roles in
baculovirus life cycle (Vanarsdall et al., 2007). Homologs of p48
(AcMNPV ORF103, ac103) has been identiﬁed in all sequenced
baculovirus genomes with the exception of the virus pathogenic for
the Dipteran, Culex nigripalpus NPV (CuniNPV) (Jehle et al., 2006).
Data on p48 are limited. p48 was originally identiﬁed as an ORF
within the Orgyia pseudotsugata MNPV (OpMNPV) HindIII G fragment
and predicted to encode gene product of 48 kDa (Russell and
Rohrmann, 1990). The homolog of p48 in AcMNPV was predicted to
encode a 45 kDa protein and was designated as p45 (Lu et al., 1996).
InterProScan program suggested that P48 homologs constitute a
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sequence-based queries showed that P48 doesn't have any signiﬁcant
sequence similarity to any other proteins ormotifs in protein sequence
data bases. Transcriptional and primer extension analyses showed
that the p48 mRNA was initiated from a typical baculovirus late gene
ATAAG motif, detected at 9 h postinfection (p.i.) and increased in
abundance at later phase, which conﬁrmed the late expression of the
gene (Lu and Carstens, 1992; Lu et al., 1996). Attempts to construct
recombinant viruses containing insertion within p48 of AcMNPV and
Choristoneura fumiferana MNPV (CfMNPV) were unsuccessful (Li et al.,
1999; Lu et al., 1996), implying that p48 gene might play an essential
role in the virus life cycle.
In this report, an AcMNPV p48-knockout mutant was successfully
generated by homologous recombination in a bacmid-based system.
The p48 knockout was subsequently rescued by reinserting the p48
gene into the polyhedrin locus of the same virus genome. The role of
p48 in the context of the AcMNPV genome during infection was
determined and our data showed that P48 is essential for BV pro-
duction. Real-time PCR analysis showed that the deletion of p48
doesn't affect viral DNA replication. Electron microscopy observation
showed that P48 is not required for nucleocapsid formation but it is
required for ODV morphogenesis and subsequent embedding of
virions into polyhedra. Confocal analysis suggested that P48 isFig. 1. Construction and analysis of a p48-null bacmid. (A) The strategy for generation of a p4
coli. vAcP48-KO was derived from bacmid bMON14272 and a 304-bp portion of the p48 ORF w
analysis of wt AcMNPV and vAcP48-KO with P48KO probe and Cm probe to conﬁrm the absenc
the presence or absence of sequence modiﬁcations in vAcP48-KO or wt AcMNPV. The PCR te
Positions of primer pairs and probes used in the analysis of the wt AcMNPV locus and vAcP48associated with virogenic stroma which is a region of viral RNA
transcription, DNA replication, and nucleocapsid assembly.
Result
Construction of p48 knockout AcMNPV bacmid
Using the commercially available wild-type (wt) AcMNPV bacmid
(bMON14272) (Luckow et al., 1993), a p48-null AcMNPV was
constructed through λ Red homologous recombinant in Escherichia
coli as described previously (Bideshi and Federici, 2000; Lin and
Blissard, 2002). 364-bp of the 5′ end and 506-bp of the 3′ end of the
p48 coding region were retained in order to avoid affecting
transcription of adjacent genes, vp80 and ac102, respectively. The
remaining 304-bp coding sequences were deleted and replaced with a
chloramphenicol-resistance gene (Cm) for antibiotic selection in E. coli
(Fig. 1A).
The absence of p48 gene and its replacement by the Cm gene in the
resulting bacmid vAcP48-KO were conﬁrmed by Southern blot hybri-
dization analysis. The 304-bp PCR-ampliﬁed p48 deleted fragment
and the 1039-bp Cm DNAwere digoxigenin labeled and used to detect
the p48 or Cm gene, respectively (Fig. 1D). wt AcMNPV bacmid and
vAcP48-KO bacmid were digested with PstI and hybridized with the8-null bacmid containing a deletion of the AcMNPV p48 gene by ET recombination in E.
as deleted and replaced by the chloramphenicol-resistance gene (Cm). (B) Southern blot
e of p48 gene in AcMNPV bacmid and its replacement by the Cm gene. (C) PCR analysis of
mplates are shown above each lane, and the primer pairs used are shown below. (D)
-KO locus to conﬁrm the disruption of p48 and the correct insertion of Cm gene cassette.
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which contains the p48 gene in the AcMNPV bacmid genome,
hybridized strongly to the P48KO probe; however, there was no
signal with vAcP48-KO (Fig. 1B). Since a 304-bp fragment of p48 gene
was replaced by a 1039-bp Cm gene and a new PstI site was added in
vAcP48-KO, the AcMNPV bacmid 18.0-kbp PstI fragment had been
cleaved into a 13.0-kbp and a 5.8-kbp fragment (Fig. 1B, arrows). As
expected, the 5.8-kbp fragment hybridized strongly to the Cm probe,
but there was no signal with wt AcMNPV (Fig. 1B). The results
indicated that in the vAcP48-KO genome, p48was successfully replaced
by the Cm gene.
To further conﬁrm that p48 was replaced by the Cm gene in the
p48 locus of bMON14272, four pairs of speciﬁc PCR primers were
used for PCR analysis. These primers used in PCR analysis and the
resulting products were shown in Figs.1C and D. Primer pair P48-US-1
and P48-DS-2 were used to conﬁrm the deletion region and produced
a fragment of 2076 bp and 1318 bp in vAcP48-KO and wt bacmid,
respectively; Primer pair CmU and CmD were used to detect the
predicted insertion of the Cm gene cassette and resulted in a predicted
fragment of 1039 bp for vAcP48-KO, whereas no PCR product was
produced in wt bacmid; Primer pairs CmU/P48-US-1 and P48-DS-2/
CmD were used to examine the recombination junctions of the
upstream and downstream ﬂanking region and produced a fragment
of 1519 bp and 1573 bp for vAcP48-KO, respectively, but no PCR product
was produced in wt bacmid (Fig. 1C). Thus, PCR analysis conﬁrmed
that the Cm gene had inserted into the p48 locus of bMON14272 and
replaced p48 correctly.
Construction of p48 knockout, repair, and wt AcMNPV bacmids
containing polyhedrin and gfp
The polyhedrin gene is inactive in bMON14272 (Luckow et al.,
1993). To examine the effect of the deletion of p48 on occlusion body
morphogenesis and to facilitate examination of virus infection, we
constructed a p48 knockout virus vAcP48-KO-PH-GFP which contained
the polyhedrin and egfp (enhanced green ﬂuorescence protein gene,
referred to as gfp in this study) genes by the transposition of polyhe-
drin and gfp into the polyhedrin locus of vAcP48-KO (Fig. 2A). As a
control, vAcPH-GFP was also constructed by inserting the polyhedrin
and gfp into the polyhedrin locus of bMON14272 (Fig. 2A). To rescue
and conﬁrm that the phenotype resulting from the p48 knockout was
not due to genomic effect, a repair bacmid vAcP48-REP-PH-GFP was
constructed. p48 is expressed under the control of its own promoter,
and p48 as well as polyhedrin and gfp were inserted into the polyhe-
drin locus of vAcP48-KO by transposition (Fig. 2A). All constructs were
conﬁrmed by PCR analysis (data not shown) and the transposition
events were further conﬁrmed by the GFP expression and the
occlusion body formation in Sf9 cells transfected with the bacmids
constructed above.
Analysis of viral replication in Sf9 cells
To determine whether the P48 is essential for viral replication, Sf9
cells were transfected with recombinant bacmid vAcP48-KO-PH-GFP,
vAcP48-REP-PH-GFP or vAcPH-GFP, respectively. Infected cells were mon-
itored for GFP expression by ﬂuorescence microscopy (Fig. 2B). No
differences were observed among these three viruses at 24 h
posttransfection (p.t.) and the comparable transfection efﬁciencies
were approximately 10% (Fig. 2B). Widespread ﬂuorescence was
observed in vAcP48-REP-PH-GFP- and vAcPH-GFP-transfected cells by 48 h
p.t. (Fig. 2B), indicating that the wt and repair bacmids were able to
produce infectious budded virions to initiate secondary infection. In
contrast, there was almost no increase in the number of ﬂuorescent
cells in vAcP48-KO-PH-GFP-transfected cells (Fig. 2B), suggesting that the
p48 knockout bacmid may be unable to produce infectious BVs to
initiate secondary infection.Microscopic analysis showed that occlusion bodies were observed
in vAcP48-KO-PH-GFP-transfected cells as well as in vAcP48-REP-PH-GFP- and
vAcPH-GFP-transfected cells. At 48 h p.t., the number of cells containing
occlusion bodies was of no differences among these three bacmids
(Fig. 2B). However, by 96 h p.t., signiﬁcant differences were observed
between vAcP48-KO-PH-GFP and vAcP48-REP-PH-GFP or vAcPH-GFP. Most of
the vAcP48-REP-PH-GFP- and vAcPH-GFP-transfected cells contained
occlusion bodies whereas the number of the vAcP48-KO-PH-GFP-
transfected cells containing occlusion bodies showed no increase.
The polyhedra are observed only in the GFP-positive cells transfected
with vAcP48-KO-PH-GFP, suggesting that infection is really limited to the
cells initially transfected. In a minority of GFP-positive cells, polyhedra
didn't appear even at 96 h p.t., indicating that the infectionwas unable
to progress to the very late phase. Nevertheless, the bacmid-
transfection experiments showed that deletion of p48 leads to a
defect in the production of infectious BVs but does not affect occlusion
body morphogenesis.
To further compare the spread of virus infections between
vAcP48-KO-PH-GFP, vAcP48-REP-PH-GFP and vAcPH-GFP, plaque assays were
performed to observe the spreading of virus to adjoining cells. By
4 days p.t., large normal plaques were observed in cell monolayers
transfected with vAcPH-GFP and vAcP48-REP-PH-GFP (Fig. 2B). In contrast,
the vAcp48-KO-PH-GFP plaques consisted of only a single cell (Fig. 2B),
indicating that this virus is unable to spread.
To further access the effect of p48 deletion on virus replication, a
virus growth curve analysis was performed (Fig. 2C). Two separate
growth curve experiments are shown in Fig. 2C. In theﬁrst experiment,
Sf9 cells were transfected with vAcP48-KO-PH-GFP, vAcP48-REP-PH-GFP and
vAcPH-GFP. At time points selected, the BV titers were determined by a
50% tissue culture infective dose (TCID50) end-point dilution assay.
Therewas no virus titer detected in the supernatant fromvAcP48-KO-PH-
GFP-transfected cells at any time point up to 120 h p.t. (Fig. 2C). In
contrast, the supernatant from Sf9 cells transfected with vAcPH-GFP or
vAcP48-REP-PH-GFP revealed a steady increase in virus production (Fig.
2C). To further determine whether the p48 repair bacmid was able to
rescue the defect in production of progeny virus, a second growth
curve was performed with the supernatants prepared from cells
infected with BVs obtained from vAcPH-GFP- and vAcP48-REP-PH-GFP-
transfected cells at a multiplicity of infection (MOI) of 5. The p48 repair
virus showed similar growth kinetics in titer to the wt virus (Fig. 2C).
Thus, these data showed that the defect in virus production in p48-null
virus was due solely to the deletion of p48, as the defect can be rescued
by insertion of the p48 gene into the polyhedrin locus of the p48-null
bacmid. They also conﬁrmed that p48 is essential for virus replication.
Western blot analysis of puriﬁed vAcP48-KO-PH-GFP BV
Microscopic analysis and viral growth curves showed that no
infectious BVswere produced in cells transfectedwith vAcP48-KO-PH-GFP
(Fig. 2). There may be two possibilities: (i) no BVs budded from the
infected cells; (ii) normal levels of BVs were produced but they were
non-infectious. To address this issue, BVs were puriﬁed from bacmid-
transfected cell supernatants and analyzed by Western blot to
compare the levels of nucleocapsid protein VP39. The VP39 antiserum
showed no cross-reaction with uninfected Sf9 cells (Fig. 3). The VP39
proteinwas detected in the cells transfected with wt, knockout, repair
virus respectively (Fig. 3). However, VP39 was only detected in the
vAcPH-GFP- or vAcP48-REP-PH-GFP-transfected cell supernatants, not in
vAcP48-KO-PH-GFP-transfected cell supernatants (Fig. 3), even with a
longer exposure time. This result indicated that the deletion of p48
leads to a defect in BV production.
Quantitative analysis of viral DNA replication
To determinewhether the lack of BV production in cells transfected
with bacmid vAcP48-KO-PH-GFP was due to a defect in AcMNPV DNA
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Fig. 3. Western blot analysis of cell lysates and puriﬁed BV particles. Sf9 cells were
transfected with vAcP48-KO-PH-GFP, vAcP48-REP-PH-GFP or vAcPH-GFP. At 120 h p.t., the
supernatants and cells were harvested and viral particles were puriﬁed according to the
Materials and methods. Samples representing bacmid-transfected cell lysates (Cell) and
puriﬁed BV particles (BV) were separated by SDS-PAGE and analyzed with anti-VP39 to
detect the nucleocapsid protein VP39. Fig. 4. Real-time PCR analysis of viral DNA replication. Sf9 cells were transfected with
each bacmid DNA (vAcP48-KO-PH-GFP and Ac-GP64-KO). At the designated time points,
total DNA was extracted, digested with the restriction enzyme DpnI to eliminate input
bacmid DNA and analyzed by real-time PCR. The values showed the results of three
independent replication assays with error bars indicating standard deviation.
91M. Yuan et al. / Virology 379 (2008) 87–96replication, the level of viral DNA synthesis in cells transfected with
vAcP48-KO-PH-GFP was monitored by quantitative real-time PCR (qPCR)
analysis (Fig. 4). A bacmid containing a deletion of the major envelope
protein gene, gp64was used as a non-infectious control as the deletion
of gp64 results in a virus unable to propagate infection from cell to cell
and could provide a more accurate comparison (Monsma et al., 1996;
Vanarsdall et al., 2006). Total intracellular DNA was harvested from
bacmid-transfected cells at designated time points. To eliminate all
input bacmid DNA, total DNA extracts were treated with DpnI prior to
PCR ampliﬁcation. When the DNA replication levels were analyzed
over a 96-h time-course, cells transfected with p48 knockout bacmid
showed similar levels of viral DNA replication to the gp64 knockout
bacmid during a 96-h time-course. This result indicated that the rate
and level of viral DNA synthesis in cells transfected with these two
bacmids is similar and the deletion of p48 does not affect viral DNA
replication in Sf9 cells.
Electron microscopic analysis of bacmids transfected cells
Our results described above showed that the deletion of p48 did
not affect viral DNA replication, the viral infection can progress to very
late phases as evidenced by the presence of occlusion bodies in the
nuclei of bacmid-transfected cells; however, TCID50 and Western
blotting results indicated that p48 is essential for BV production. To
further analyze whether the deletion of p48 has any effect on virus
morphogenesis, electron microscopic analysis was performed with
thin sections generated from cells transfected with vAcP48-KO-PH-GFP.
Control experimentswereperformedwith cells transfectedwithbacmid
vAcP48-REP-PH-GFP or vAcPH-GFP.
As expected, cells transfected with the control bacmid
vAcP48-REP-PH-GFP or vAcPH-GFP displayed typical cytological changes
and viral morphogenesis of AcMNPV infection, such as, at 24 h p.t.,
virogenic stroma emerging in the nuclei (Fig. 5A), electron-dense rod-
shaped nucleocapsids associating with electron-dense edges of the
virogenic stroma (Fig. 5A, inset), nucleocapsids budding through the
cytoplasmic membrane (Fig. 5B); at 48 h p.t. and 72 h p.t.,
nucleocapsids aligning with de novo membranous proﬁles end-onFig. 2. Construction of p48 gene-knockout and repair AcMNPV bacmids containing polyhed
viruses containing polyhedrin and gfp, vAcP48-KO-PH-GFP, vAcP48-REP-PH-GFP and vAcPH-GFP, show
mediated transposition. (B) Fluorescence microscopy showing the progression of the infecti
and 96 h p.t., respectively. In panels 48 h p.t. and panels 96 h p.t., light images and ﬂuoresce
cells. The bottom panels represent plaque assay of indicated viruses at 96 h p.t. The arrows
infection via BV. (C) Virus growth curves generated from either transfection cells or infectio
DNA, and then the supernatants were harvested at the indicated time points posttransfectio
were infected at an MOI of 5 from each virus, and cells culture supernatants were harvested
assay. Each datum point was determined from the average of three independent transfectioand acquiring their envelope (Fig. 5E), enveloped virions containing
multiple nucleocapsids prior to occlusion in the protein crystalline
matrix of the developing occlusion bodies (Fig. 5E) and polyhedra
containing numerous enveloped virions in the ring zone (Fig. 5G). In
contrast, in cells transfected with bacmid vAcP48-KO-PH-GFP, a well-
deﬁned virogenic stroma (Fig. 5C) and abundant normal-appearing
nucleocapsids (Fig. 5C, inset) could also be observed in the centre of
nucleus at 24 h p.t.; however, no nucleocapsids were found in the
cytoplasm or to bud through the cytoplasmic membrane (Fig. 5D). At
48 h p.t. and 72 h p.t., bundles of nucleocapsids were observed in the
nuclear ring zone, but they were never enveloped to form ODVs (Fig.
5F). In addition, no ODVs were observed to be embedded in the
polyhedra (Fig. 5H), although the shape and the size of polyhedrawere
similar to those in wt virus-transfected (data not shown) or repair
virus-transfected cells (Fig. 5G). These observations indicated that
deletion of p48 affects BV production, ODV morphogenesis and
subsequent embedding of ODVs into polyhedra.
Location of P48 in AcMNPV-infected insect cells
Determining the subcellular location of P48 would be of beneﬁt to
predicting its function. In the current study, three recombinant viruses,
vAcP48GFP, vAcP48-KO-P48GFP and vAcGFP were constructed to investigate
P48 subcellular location (Fig. 6A). In vAcP48GFP andvAcP48-KO-P48GFP, GFP
was fused in frame with the C terminus of P48 and was expressed
under the control of p48 native promoter. vAcGFP was constructed as
a control in which GFP alone was expressed under the control of p48
promoter. p48-gfp chimera and gfp alone were inserted into the
polyhedrin locus of bacmid by site-speciﬁc transposition, respectively
(Fig. 6A). Thus, GFP functions as an autoﬂuorescent marker where
localization can be visually traced.
Sf9 cells infected with vAcP48GFP, vAcP48-KO-P48GFP or vAcGFP were
examined for GFP-speciﬁc ﬂuorescence by confocal laser scanningrin and gfp and analysis of viral replication in Sf9 cells. (A) Schematic diagram of three
ing the polyhedrin (polh), gfp and p48 genes inserted into the polyhedrin locus by Tn7-
on in Sf9 cells transfected with vAcPH-GFP, vAcP48-KO-PH-GFP, or vAcP48-REP-PH-GFP at 24, 48
nce images were merged to evidence that the polyhedra were only in the GFP-positive
show the single infected cell, indicating the inability of vAcP48-KO-PH-GFP to spread the
n cells. For the transfection growth curves, Sf9 cells were transfected with each bacmid
n and the titers were determined by TCID50 assay. For the infection growth curves, cells
at the selected time points and assayed for the production of infectious virus by TCID50
ns or infections and error bars represent the standard errors.
Fig. 5. Electron microscopic analysis of nucleocapsid and occlusion body morphogenesis. (A–D) Representative electron micrographs of Sf9 cells transfected with bacmids at 24 h
p.t. (A) Virogenic stroma (VS) and electron-densed nucleocapsids (inset) in vAcP48-REP-PH-GFP-transfected cells. (B) The higher-magniﬁcation image of the boxed region in (A),
showing that nucleocapsids acquire envelopes by budding from the cytoplasmic membrane (cm). (C) VS and electron-densed nucleocapsids (inset) in vAcP48-KO-PH-GFP-transfected
cells. (D) The higher-magniﬁcation image of the boxed region in (C), no nucleocapsids were found residing in the cytoplasm or budding at the cytoplasmic membrane. (E–H)
Representative electron micrographs of cells transfected with bacmids at 72 h p.t. (E) Enveloped virions containing multiple nucleocapsids (white arrows) and nucleocapsids
aligning with de novo membranous proﬁles end-on (inset) in the ring zone of vAcP48-REP-PH-GFP-transfected cells. (F) Bundles of nucleocapsids (black arrows), no mature virions in
the ring zone of vAcP48-KO-PH-GFP-transfected cells. (G) Polyhedra with embedded virions (white arrows) in vAcP48-REP-PH-GFP-transfected cells. (H) Polyhedra devoid of embedded
virions in vAcP48-KO-PH-GFP-transfected cells. Nu, nucleus. nm, nuclear membrane; c, cytoplasm; P, polyhedra. Scale bar, 500 nm.
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pattern of P48-GFP in vAcP48GFP-infected cells was similar to what was
observed in vAcP48-KO-P48GFP-infected cells (data not shown). Fluores-
cence distributed along the outer periphery of the nucleus at 8 h p.i.,
moved into the nucleus at 16 h p.i. At 24 h p.i., ﬂuorescence was
concentrated predominantly in the nucleus and had the appearance of
a net, which may be the virogenic stroma, the site of viral RNA
transcription, DNA replication, and nucleocapsid assembly. At 16 and
24 h p.i., discrete foci were detected at the periphery of virogenic
stroma which corresponded to the ring zone of the nucleus (Fig. 6B,
arrowheads). The intensity of ﬂuorescence in a net pattern in the
centre of nucleus continued by 48 to 72 h p.i., and diffused by 96 h p.i.
at which time ﬂuorescence dispersed in the cytoplasm and nucleus(Fig. 6B). In cells transfected with vAcGFP, ﬂuorescence was observed
along the outer periphery of the nucleus at 8 h p.i. and throughout the
whole cell at any time point selected from 16 to 96 h p.i. (Fig. 6B).
Discussion
Baculovirus p48 is a highly conserved gene as the homologs of p48
have been found in all sequenced baculovirus genomes except
CuniNPV, implying that it might play a fundamental function in
baculovirus life cycle. Preparation of insertion mutants, targeting at
p48 of AcMNPV and CfMNPV, was not successful (Li et al., 1999; Lu
et al., 1996), suggesting that p48 gene is essential for viral replication.
However, the function of P48 is unknown. In this report, a p48-null
Fig. 6. Subcellular localization of P48-GFP fusion protein in Sf9 cells infectedwith GFP-tagged viruses. (A) Schematic map of construction of GFP-tagged recombinant bacmids. p48-gfp
chimera under the control of p48 native promoter was inserted into the polyhedrin locus of AcMNPV bacmid or vAcP48-KO bacmid by site-speciﬁc transposition, the resulting
recombinant bacmids were named vAcP48GFP or vAcP48-KO-P48GFP, respectively. None-fused GFP under the control of p48 promoterwas transposed into the polyhedrin locus of AcMNPV
bacmid to generate vAcGFP. (B) Confocal imaging of P48-GFP fusion protein in Sf9 cells. Cells were infected with vAcP48GFP at an MOI of 10 and examined for ﬂuorescence by confocal
laser scanningmicroscopy at 8,16, 24, 48, 72 and 96 h p.i. Cells infectedwith vAcGFPwere used as a control. For each time point, GFP-speciﬁc ﬂuorescencemicrographs are shown to the
left of the merged micrographs. The arrowheads show the discrete foci in the ring zone. VS, virogenic stroma. Scale bar, 10 μm.
93M. Yuan et al. / Virology 379 (2008) 87–96AcMNPV bacmid was generated through λ Red homologous recombi-
nation in E. coli to investigate the role of P48. Our results suggested
that P48 is essential for BV production and ODV envelopment.
The AcMNPV p48-null virus generated in this study exhibited a
phenotype which the infection can be initiated by viral DNA
transfection, but fails to produce infectious BVs so that the infection
was restricted to the initially transfected Sf9 cells. This phenotype was
conﬁrmed by plaque assay. This defect in replication could be rescued
by reinsertion of the p48 gene into the polyhedrin locus of the same
bacmid, which conﬁrmed that the observed phenotype resulted from
the deletion of the p48 gene. The viral growth curve experiments and
Western blot analysis conﬁrmed that the deletion of p48 prevents BV
production. Therefore, these results indicated that the p48 gene is
essential for AcMNPV replication in Sf9 cells.Electron microscopy showed that electron-dense rod-shaped
nucleocapsids were observed in the intrastromal space of virogenic
stroma of vAcP48-KO-PH-GFP-transfected cells and morphologically indis-
tinguishable from those in cells transfected with either wt or repair
bacmid. Previous studies suggested that viral genomes are prepackaged
with the highly basic DNA-binding protein designated P6.9 within the
stromal matte (Young et al., 1993). The nucleoprotein complexes are
subsequently packaged into the lucent capsid shell within the
intrastromal spaces (Fraser, 1986). In the current study, qPCR analysis
showed that the rate and level of viralDNAsynthesis invAcP48-KO-PH-GFP-
transfected cells was similar to the gp64 knockout control, suggesting
that p48 is not involved in viral DNA synthesis. The electron-dense rod-
shaped nucleocapsids are present in vAcP48-KO-PH-GFP-transfected cells,
suggesting that the deletion of p48 did not affect the condensation and
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The nucleocapsids could normally bundle together in the nuclear ring
zone of vAcP48-KO-PH-GFP-transfected cells; however the nucleocapsids
wereneverenveloped. The ring zone is formed in late phase of infection.
Several morphogenetic processes, such as bundle of nucleocapsids,
envelopment of ODVs, embedding of ODVs into polyhedron, occur in
this area. Therefore, we suggested that P48 executes its function after
nucleocapsid assembly, at the step of or prior to nucleocapsid
envelopment. The p48 knockout virus could progress through the
very late phases in Sf9 cells, as evidenced by the abnormal development
of occlusion bodies devoid of virions in the nuclei of transfected cells.
Two recent studies reported that polyhedra without embedded virions
can be formed in cells transfectedwith anAcMNPV38K (ac98) knockout
(Wu et al., 2006) or an AcMNPV ac142 knockout (McCarthy et al., 2007).
These observations indicate that the formation of occlusion bodies does
not require maturation of ODV.
With a recombinant virus expressing a P48-GFP chimera as a visual
marker, we observed that P48mainly localized to the virogenic stroma
from 16 h p.i. to 72 h p.i., indicating that P48 has a close association
with this structure. At 96 h p.i., P48 diffused through the cells, as the
virogenic stroma structure regressed. This pattern of localization is
coincident with the changes of virogenic stroma in infected cells
(reviewed by Williams and Faulkner, 1997). Some ODV-associated
proteins, i.e., BV/ODV-C42 (Braunagel et al., 2001), BV/ODV-E26
(Beniya et al., 1998) and P74 (Slack et al., 2001) also have similar
localization patterns in infected cells. Like p48, homologs of the bv/
odv-c42 (ac101) are present in all sequenced baculoviruses except
CuniNPV. It is possible that P48 may interact with other ODV-
associated proteins to fulﬁll ODV envelopment and occlusion. Never-
theless, at this time, we do not knowwhether P48 is a virion structural
protein or not. The polyclonal antiserum against P48 of CfMNPV failed
to detect any viral protein produced in infected CF-203 cells, and the
authors suggested that the failures may be due to the low abundance
of P48 expressed in infected cells (Li et al., 1999).
A summary of the data suggests that P48 plays a fundamental role
in the biology of baculovirus. Albeit P48 does not affect the virus DNA
replication in infected cells, P48 is essential for both BV production
and ODV envelopment.
Materials and methods
Cells and viruses
Sf9 insect cell line, the clonal isolate 9 from IPLB-Sf21-AE cells
derived from the fall armyworm Spodoptera frugiperda (Vaughn et al.,
1977), was cultured at 27 °C in Grace's medium (Invitrogen Life
Technologies) supplemented with 10% fetal bovine serum, penicillin
(100 µg/ml) and streptomycin (30 µg/ml). Bacmid bMON14272,
containing an AcMNPV genome, was commercially available (Invitro-
gen Life Technologies) and propagated in E. coli strain DH10B (Luckow
et al., 1993; McCarthy et al., 2007).
Generation of p48 knockout bacmid
A p48 knockout AcMNPV bacmid was generated through ET
recombination as previously described (Wu et al., 2006). We ﬁrst
constructed a transfer vector in which the p48 locus region was
replaced with Cm for antibiotic selection in E. coli. A 492-bp fragment
homologous to the 5′ region of p48 ORF (AcMNPV nt 89,185–89,664)
was PCR ampliﬁed from the AcMNPV bacmid using the primers P48-
US-1 (5′-GTCGACTGAGCGTTTTGTCGTCA-3′) covering the SalI restric-
tion site (underlined) and P48-US-2 (5′-CTGCAGCGGCGTCGGATTG-
TAATA-3′) covering the SalI restriction site (underlined). The PCR
product was digested with KpnI and PstI and then ligated with
plasmid pBluescript to generate the recombinant plasmid pBs-US. The
1039-bp Cm cassette was excised by PstI/BamHI from plasmid pUC18-US-Cm (Wu et al., 2006), puriﬁed and ligated with pBs-US previously
digested with PstI/BamHI, to generate the recombinant plasmid pBs-
US-Cm. A 546-bp fragment homologous to the 3′ region of p48 ORF
(AcMNPV nt 88,347-88,880) was PCR ampliﬁed from AcMNPV bacmid
with the primers P48-DS-1 (5′-GAGCTCCATGTTGTCGTCAGTGTCCA-3′)
covering the SacI restriction site (underlined) and P48-DS-2 (5′-
GGATCCACATGTGCGTGCCATTTGTC-3′) covering the BamHI restriction
site (underlined). The PCR product was digested with SacI and BamHI
and cloned into the SacI and BamHI sites of plasmid pBs-US-Cm to
generate the ﬁnal p48 knockout transfer vector pBs-US-Cm-DS. This
transfer vector was digestedwith SacI and SalI, and the resulting linear
2.1-kbp fragment containing Cm cassette and p48 ﬂanking region was
gel puriﬁed, suspended in distilled water to a ﬁnal concentration of
200 ng/μl.
To facilitate homologous recombination between the Cm gene and
the target sequence, DH10Bac cells (DH10B containing AcMNPV
bacmid bMON14272) were transformed with pBAD-gbaA (Muyrers
et al., 1999). The resulting clone cells were induced by addition of L-
arabinose to allow expression of the λ Red system, made competent
and electro-transformed with 1 µg of the puriﬁed linear 2.1-kbp
fragment as previously described (Pijlman et al., 2002). The eletropo-
rated cells were incubated at 37 °C for 1 h in 1 ml SOC medium and
subsequently spread onto agar medium containing 20 µg of
chloramphenicol per ml, 50 µg of kanamycin per ml, and 7 µg of
tetracycline per ml. Plates were incubated at 37 °C for 2 days and
colonies containing the altered genotype of the recombinant bacmid
which is resistant to chloramphenicol and kanamycin were selected
for further conﬁrmation by PCR analysis and Southern blot analysis.
The resulting p48 knockout bacmid was named vAcP48-KO.
Analysis of recombinant bacmids
To conﬁrm the absence of p48 gene in AcMNPV bacmid and its
replacement with the Cm gene, Southern blot hybridization analysis
was used. A 304-bp fragment of p48 gene which is identical to the
p48 deletion region of vAcP48-KO was PCR ampliﬁed with primers
P48-KO-P1: 5′-CGCGTTTCGTGTACAAAGAATAC-3′ and P48-KO-P2: 5′-
CGTGGATGCGATCATGTGTCAGT-3′. The PCR product was puriﬁed and
labeled with digoxigenin dUTP according to the manufacturer's
manual (DIG DNA Labeling and Detection Kit; Roche Biochemicals) to
be used as a probe for Southern blot hybridization to detect the p48
gene. Meanwhile, the fragment containing the Cm gene was PCR
ampliﬁed with primers CmU and CmD (Wu et al., 2006) and also
labeled with digoxigenin dUTP to be used as a probe to detect the
Cm gene. For Southern blot hybridization, AcMNPV and vAcP48-KO
bacmid DNA were digested with PstI and run overnight in ethidium
bromide-stained 0.8% agarose gels, and then was transferred on
NYTRAN N nylon transfer membrane (Scheicher and Schuell).
Hybridization and colorimetric detection with nitroblue tetrazo-
lium-5-bromo-4-chloro-3-indolylphosphate were performed accord-
ing to the manufacturer's recommendations (DIG DNA Labeling and
Detection Kit; Roche Biochemicals).
To further conﬁrm that p48was replaced by the Cm gene in the p48
locus of bMON14272, PCR analysis was performed with four pairs of
speciﬁc PCR primers. Primers P48-US-1 and P48-DS-2 were used to
conﬁrm the deletion region. Primers CmU and CmD were used to
detect the correct insertion of the Cm gene cassette. Primer pairs CmU/
P48-US-1 and P48-DS-2/CmD were used to examine the recombina-
tion junctions of the upstream and downstream ﬂanking region.
Construction of p48-knockout and repair AcMNPV bacmids containing
polyhedrin and gfp
A 1259-bp fragment containing AcMNPV p48 ORF under the
control of its own promoter was PCR ampliﬁed with primers
P48RP1 (5′-GAATTCCCAAACGCGTAATCAACAGAG-3′) and P48RP2
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underlined, respectively). The PCR product was digested with EcoRI
and PstI and cloned into the EcoRI and PstI site of pFastBac1 (Invitrogen
Life Technologies) to generate plasmid pFB1-P48. Then, the fragment
containing AcMNPV p48 genewith its own promoter and SV40 poly(A)
signal presenting inpFastBac1 originallywas PCR ampliﬁed frompFB1-
P48 using the primers P48RP1 and SV40pAP2 (5′-GTCGACGATCCAGA-
CATGATAAGATA-3′) (SalI site is underlined). The PCR product was
digestedwith EcoRI and SalI and ligated into the EcoRI/SalI site of pFB1-
PH-GFP containing AcMNPV polyhedrin and gfp (Wu et al., 2006), to
generate transfer vector pFB1-P48-PH-GFP. A p48-null bacmid and p48
repair bacmid was generated by site-speciﬁc transposition as des-
cribed previously (Dai et al., 2004; Wu et al., 2006). Electrocompetent
DH10B cells containing pMON7124 helper plasmid and vAcP48-KO were
transformed with either pFB1-PH-GFP or pFB1-P48-PH-GFP donor
plasmid, respectively. After 4 h of incubation at 37 °C in 1 ml SOC, cells
were spread onto agar medium containing 50 µg of kanamycin per ml,
7 µg of gentamicin per ml, 10 µg of tetracycline per ml, 100 µg of 5-
bromo-4-chloro-3-indolyl-β-D-galactopyranoside (X-Gal) per ml, and
40 µg of isopropyl-β-D-thiogalactopyranoside (IPTG) per ml. Plates
were incubated at 37 °C for 48 h and white colonies were selected and
restreaked onto fresh plates to verify the phenotype, and then the
bacmids DNAwere isolated according to themanufacturer's handbook
(Bac-to-Bac Baculovirus Expression System; Invitrogen Life Technol-
ogies) and the recombination reactions were conﬁrmed by PCR. The
correct recombinant bacmids were electroporated into E. coli DH10B
cells and screened for tetracycline sensitivity to ensure that the
isolated bacmids were free of helper plasmids. The resulting viruses
werenamedvAcP48-KO-PH-GFP andvAcP48-REP-PH-GFP, respectively. vAcPH-GFP
was generated by transforming bacmid bMON14272 with pFB1-PH-
GFP in a similar procedure as previously described (Wuet al., 2006) and
used as wt control virus. Bacmids DNA were extracted and puriﬁed
with QIAGEN Large-Construct Kit and quantiﬁed by optical density.
Time-course analysis of BV production
Sf9 cells (1.0×106 cells/35-mm-diameter well of a 6-well plate)
were transfectedwith1.0 μgof eachbacmid construct (vAcP48-KO-PH-GFP,
vAcP48-REP-PH-GFPor vAcPH-GFP) using Cellfectin liposome reagent (Invi-
trogen Life Technologies). At various time points p.t., light images and
ﬂuorescence imageswere digitally recorded andmerged by the use of a
Nikon ﬂuorescence microscope (Nikon Eclipse TE2000-U; Nikon
Instruments). The efﬁciency of transfection is determined by counting
the percent GFP-positive cells at 24 h p.t. Approximately 200–500 cells
were counted per sample.
For virus growth curves, Sf9 cells were transfected in triplicate
with each bacmids as described above or infectedwith BV at anMOI of
5. At the indicated time points, the supernatants containing the BVs
were harvested and cell debris was removed by centrifugation
(3000 ×g for 10 min). The titers of BV were determined by TCID50
assay using Sf9 cells (O'Reilly et al., 1992).
Plaque assay
Sf9 cells (2×106 per 35-mm-diameter dish) were transfected with
0.01 µg of each bacmid (vAcP48-KO-PH-GFP, vAcP48-REP-PH-GFP or control
virus vAcPH-GFP). After a 5-h incubation period, cells werewashed with
1 ml of Grace's medium, and then overlaid with 2 ml of Grace's
medium containing 1% low-melting-point agarose (SeaPlaque) pre-
equilibrated to 37 °C, incubated in a 27 °C humidiﬁed incubator for
4 days before observation with the Nikon ﬂuorescence microscope.
Budded virus puriﬁcation and Western blot
Sf9 cells (2×106) were transfected with 2.0 µg of each bacmid
(vAcP48-KO-PH-GFP, vAcP48-REP-PH-GFP or vAcPH-GFP). At 120 h p.t., super-natants and cells were harvested and centrifuged at 2000 ×g for
20 min at room temperature to pellet the cells. The cells were
resuspended in ddH2O forWestern blot analysis and BVswere puriﬁed
and concentrated from the supernatants as previously described (Dai
et al., 2004; McCarthy et al., 2007). Brieﬂy, supernatants were loaded
onto a 25% sucrose cushion and centrifuged at 80,000 ×g for 90 min at
4 °C in an SW41 Ti rotor. BV pellets of vAcP48-KO-PH-GFP and mock were
resuspended in 9.9 µl of 250 mM Tris–Cl (pH7.8) and 0.1 µl of protease
inhibitor cocktail (Protease Inhibitor Cocktail Set III, Calbiochem), and
BV pellets of vAcP48-REP-PH-GFP and vAcPH-GFP were resuspended in 4×
volume of the same solutions. For Western blot analysis, one quarter
of the vAcP48-REP-PH-GFP and vAcPH-GFP BV samples and totality of the
vAcP48-KO-PH-GFP and mock BV samples were electrophoresed in 10%
SDS-PAGE gels and electrophoretically transferred to nitrocellulose
transfer membrane (Schleicher and Schusll) according to the
manufacturer's instructions. Blots were detected using the Enhanced
Chemiluminescence System (ECL; Amersham Biosciences) according
to the manufacturer's instruction. A polyclonal antibody against
AcMNPV VP39 (Li et al., 2007) was used at a dilution of 1:200. A
goat-anti-rabbit-HRP secondary antibody (Amersham Biosciences)
was used at a dilution of 1:5000. One sixteenth of the vAcP48-REP-PH-GFP
and vAcPH-GFP cell samples and one quarter of the vAcP48-KO-PH-GFP and
mock cell samples were used for Western blot analysis as described
elsewhere (Sambrook and Russell, 2001).
Quantitative analysis of viral DNA replication
To analysis viral DNA replication, a quantitative real-time PCR was
performed as described by (Vanarsdall et al., 2005) with some
modiﬁcations. The qPCR product is corresponding to a 100-bp region
of the gp41 gene. Located in this region are four DpnI restriction sites
that allow discrimination between input and replicated DNA
(Vanarsdall et al., 2005). Sf9 cells were transfected in triplicate with
vAcP48-KO-PH-GFP and Ac-GP64-KO (Monsma et al., 1996) bacmid DNA
and cells were collected at various time points p.t. Total DNA was
puriﬁed from each sample with Universal Genomic DNA Extraction
Kit (TaKaRa) and resuspended in 150 μl ddH2O. Prior to PCR, 5 μl of
total DNA from each time point was digested with 20 U of DpnI
restriction enzyme (NEB) overnight in 50 μl total reaction volume. A
10 μl aliquot of the digestion DNA was mixed with 12.5 μl Hot Start
PCR Master Mix III (Chaoshi-Bio) and the qPCR primer in 25 μl total
reaction volume. PCR was performed with a iQTM5.0 machine (Bio-
Rad) under the following conditions: 95 °C for 15 min, and 45 cycles
of 95 °C for 30 s, 60 °C for 20 s, and 72 °C for 20 s.
Transmission electron microscopy (TEM)
Sf9 cells (1×106 per 35-mm-diameter dish) were transfected with
1.0 µg vAcPH-GFP, vAcP48-KO-PH-GFP, or vAcP48-REP-PH-GFP, respectively. At
24, 48 and 72 h p.i., cells were dislodged with a rubber policeman and
centrifuged at 3000 ×g for 10 min. Then cells were ﬁxed, dehydrated,
embedded, sectioned, and stained as described previously (Li et al.,
2005). Samples were viewed with a JEM-100CX/II transmission
electron microscope at an accelerating voltage of 80 kV.
Generation of GFP fusion recombinant bacmids and confocal microscopy
Cellular localization of P48 was analyzed by confocal microscopy.
First, we generated a transfer vector in which P48 was expressed in
frame with GFP to create a P48-GFP chimera. p48 ORF (without stop
codon TAA) with its native promoter was PCR ampliﬁed from AcMNPV
bacmid using primers P48CFP2: 5′-TCTAGATTTATTGAAGCAATCATGG-
3′ (XbaI site is underlined) and P48RP1. The PCR product was digested
with EcoRI andXbaI and cloned into the EcoRI andXbaI sites of pFB-Ph−
(Wang et al., 2007;Wu et al., 2006) to generate pFB-Ph−P48. TheORF of
gfp was digested from pUC19egfp (donated by Prof. Just M. Vlak,
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resulting fragment was cloned into XbaI and PstI site of pFB-Ph−P48 to
generate a donor plasmid pFB-Ph−P48-gfp. Then, DH10Bac cells
containing AcMNPV bacmid bMON14272 and helper plasmid
pMON7124 were transformed with pFB-Ph−P48-gfp and the P48-
GFP chimera was site-speciﬁc transposed into the AcMNPV bacmid
polyhedrin locus. The resulting bacmid was named vAcP48GFP which
expressed P48 with a GFP tag under the control of its native promoter.
P48-GFP chimera was also site-speciﬁc transposed into the vAcP48-KO
bacmid polyhedrin locus to generate vAcP48-KO-P48GFP. To generate a
control bacmid, the p48 promoter was PCR ampliﬁed with primers
P48RP1 and P48pP2: 5′-TCTAGAGGTGCATTCGATATAACC-3′ (XbaI site
is underlined). The EcoRI/XbaI digested PCR product was inserted into
the pFB-Ph− to generated pFB-Ph−pP48. The ORF of gfp was digested
with XbaI and PstI from pUC19-egfp and the resulting fragment was
cloned into XbaI/PstI site of pFB-Ph−pP48 to generate a donor plasmid
pFB-Ph−pP48-gfp. The control bacmid vAcGFP, which only GFP is
expressed under the control of p48 promoter, was generated in a
procedure similar to that for vAcP48GFP.
Sf9 cells (2×106) were transfected with 2 μg of each bacmid
(vAcP48GFP, vAcP48-KO-P48GFP or vAcGFP). At 96 h p.t., supernatants were
collected and the titers of BV were determined by TCID50 on Sf9 cells.
For confocal microscopy, Sf9 cells (1×105) were seeded onto glass
coverslips and left to stand for several hours to allow cell attachment.
Cells were infected with vAcP48GFP, vAcP48-KO-P48GFP or vAcGFP virus at
an MOI of 10, respectively. At 8, 16, 24, 48, 72 and 96 h p.i., cells were
visualized with a Leica TCS SP2 confocal laser scanning microscope for
ﬂuorescence using awavelengthof 488 nm laser line forGFP. All images
were digitally recorded and merged by the use of Leica software.
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